Introduction
For the next generation manufacturing process, it should be reduce the amount of dangerous chemicals used in the industrial process in order to prevent accident for working person at factory. In the semiconductor device manufacturing process, thin photoresist film is coated over a wafer, and then removed after an etching processes. In the LED fabrication, a thin Au film is also deposited over a wafer, and then most of it is removed with small pieces of Au film left for electrodes. Typically, organic solvent or an adhesive tape is used to remove these films and it is preferred to recover the costly metal such as Au.
We applied steam water mixed spray method, which has been already shown to be highly effective for surface cleaning and photoresist stripping without chemicals [1] [2] [3] , for Au removal ( Fig. 1 (a) -(c)) and recovery ( Fig. 1 (d) ) processes [4] . The method basically requires only water; hence we can easily separate Au from waste fluids ( Fig. 1 (d) ). However, the detail mechanism of thin film removal is still under discussion. In order to gain some insights to understanding removal process, we apply the steam and water mixed spray method to a deposited aluminum film on a glass surface. We observe the process of metal removal by changing the nozzle traverse speed. High traverse speed demonstrates initial stage of metal removal and low traverse speed duplicates the entire process.
We also observe the droplet deformation process after impacting on a solid wall. Especially we focus on the ambient gas species. Because typical two-fluid jet method using water and air could not remove such films.
In this paper we discuss the relationship between thin film removal and droplet impact phenomena. Droplet deformation in steam atmosphere and its effects for film removal are considered. 
Experimental
Figure 2 (a) shows a schematic diagram of the experimental apparatus. Steam and water were mixed in a nozzle upstream, and sprayed to a sample. The nozzle inlet pressure was set as 0.1 MPa in gauge, and water flow rate was 200 mL/min. The mass flow rate of steam was approximately 20 kg/h. In the experiment of a metal film removal, the sample was set on the table, and nozzle traverses over the sample. We can vary the nozzle traverse speed Ut ranging from 20 to 100 m/s; hence we can control the sprayed time. Most of the film was left when the nozzle traverse speed is high (Ut = 100 mm/s). We investigated the initial stage of metal removal, where the removal rate is fairly low, with the use of the high nozzle traverse speed. We observed the test sample by using microscope after the application of steam water mixed spray on the test sample.
As a test sample, we deposited a thin film of aluminum (70 -100 nm) on a microscope slide (76 mm x 26 mm) glass surface for evaluation of the removal process. We refer to this metal deposited glass surface as a test sample hereafter. Figure 2 (b) shows a schematic diagram of the experimental apparatus for droplet impact. In this experiment, we controlled the pressure and temperature inside the vessel, and observed droplet impacts by high speed video camera. Before the experiments, the air inside the vessel was removed by using vacuum pump and then control the pressure by using silicone rubber heater and evaporation of ethanol inside the vessel. Schematics of experimental setup, (a) steam-water mixed spray experiment, (b) droplet impact experiment. Figure 3 shows a typical experimental result on this study. As clearly shown in the pictures, films of sprayed region of steam-water mixed spray are removed. We will discuss the mechanism of this removal.
Results and discussion
First, we observe the sprayed surface with high nozzle traverse speed (Ut = 100 mm/s). Figure 4 show the observation result. On the surface after the spray, some spots were created. The order of sizes of the spots was 10 μm, which is comparable to that of sizes of droplets [3] ; hence we believe that the droplet impact largely contributes in creation of these small spots. When the nozzle traverse speed was reduced to Ut = 20 mm/s, the surface after the spray drastically changed. We have experienced that the photo-resist whose thickness is around 1μm can be removed very easily [2, 4] with the nozzle traverse speed Ut = 20 mm/s; however, the aluminum film of 100 nm thickness can be removed only partially. We believe that this is due to the differences of mechanical properties and adhesion energy of each material as discussed in [5, 6] . Figure 5 shows the typical results of aluminum deposited surfaces after the spray. We can observe the characteristic removal profiles. They are typically lines with sub-millimeter width. The shapes of the removal profiles were similar to those of the recovered pieces of Au films from practical processes. Many of the recovered pieces have the shapes of slender strips ( Fig. 1 (d) ). In the vicinity of the sprayed region, there are some scratches perpendicular to the nozzle traverse direction.
Next, we will discuss the droplet impact phenomena. As discussed in many literature, high-speed lateral flow due to droplet deformation occur after droplet impact. And two types of lateral flow are observed, namely splash and lamella. Figure 6 shows the schematic image of droplet deformation. We consider that the this deformation greatly affects the film removal efficiency. About the droplet deformation after droplet impact, we observed the splash and lamella formation using several plates which have different roughness and different surrounding pressure [7] . And we found that the splash generation suppressed by decreasing the surrounding pressure even in the rough surface on which splash is easily generated in air.
In this study, we observed the ethanol droplet impact in ethanol vapor. For the comparison, ethanol droplet in air under same pressure was also observed. The example of the results are shown in Fig. 6 . When the ethanol droplet which has low surface tension liquid impacts on solid surface, splash occurs as shown in Fig. 7 (a) . On the other hand, the same ethanol droplets creates lamella in vapor condition as shown in in Fig. 7 (b) . We believe that this lateral flow is the origin of tearing the thin film.
From these experimental observations, we propose following mechanism for a metal removal process with the use of steam water mixed spray as shown in Fig. 8 . Initially, high-speed droplets crate spots due to high pressure during the initial stage of droplet impacts. As widely recognized, high-speed droplet impacts generate high pressure which order exceeds the yield stress of a metal [8] . Such high pressure easily creates spots. After the impacts, extremely high-speed lamella are generated which speed is several times greater than the droplet impact velocity. We believe that this lamella tears the film; hence the steam and water mixed spray method is effective for the film removal. 
Concluding remarks
In this study, we sprayed a mixture of steam and water on an aluminum deposited glass surface and observed the removal process. In addition, we observed ethanol droplet deformation after impact on solid surface in ethanol vapor atmosphere. As a film removal mechanism, we propose following scenario; initially high-speed droplets create spots due to high pressure during the initial stage of droplet impacts, and then lateral lamella flow, which are created by droplet impacts remove the film.
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